Introduction
============

Allergic disorders are a growing global health problem affecting more than 25% of populations in industrialized countries,[@b1-ijn-12-4493],[@b2-ijn-12-4493] and there has been a significant worldwide increase in the prevalence of asthma and allergic rhinitis since 1960.[@b3-ijn-12-4493] Immunologically, allergic subjects manifest a higher frequency of allergen-specific CD4+ Th2 cells secreting IL-4, IL-5, and IL-13 than healthy subjects, leading to the production of allergen-specific immunoglobulin E (IgE) antibodies.[@b4-ijn-12-4493]

Allergen-specific immunotherapy
-------------------------------

To date, allergen-specific immunotherapy (AIT) has been the only treatment with the demonstrated capacity to ameliorate allergic symptoms, preventing the onset of new sensitizations to different allergens, as well as reducing the development of asthma in patients with allergic rhinitis.[@b5-ijn-12-4493]

In particular, clinical trials using different pharmacological combinations and diverse routes of administration have demonstrated the crucial role of regulatory T- and B-cells (Treg and Breg, respectively)[@b6-ijn-12-4493],[@b7-ijn-12-4493] and the upregulation of IgG1, IgG4, IgA antibodies.[@b8-ijn-12-4493] The production of allergen-specific Treg is triggered by IL-10[@b9-ijn-12-4493] and TGF-β[@b10-ijn-12-4493] which are induced during AIT due to the increase of CD25+ CD3+ FOXP3+ cells at the local and systemic level after immunotherapy.[@b11-ijn-12-4493],[@b12-ijn-12-4493] Furthermore, successful immunotherapy brings about a substantial reduction in the recruitment and activation of proinflammatory cells, including basophils, mast cells, and eosinophils in the skin, as well as in nasal or bronchial mucosae.[@b13-ijn-12-4493]

Despite these advances in our understanding of the dynamics and functioning of AIT, there remain several problematic issues to resolve.

Market data show that only a limited number of patients suffering from allergic rhinoconjunctivitis decide to initiate immunotherapy, probably due to unfavorable conditions such as: 1) the high percentage of patients with local side effects,[@b14-ijn-12-4493],[@b15-ijn-12-4493] and 2) the duration of the treatment (up to 3 years) which causes low patient compliance and elevated costs.[@b16-ijn-12-4493] All of these points underline the importance of developing novel therapeutic approaches, improving the production of pharmaceutical products, and establishing optimal dosages and the more effective routes of administration in order to reduce the costs and duration of treatment and increase its safety.

Nanotechnology applied to immunotherapy
---------------------------------------

In the last decade, nanotechnologies have been applied to immunomodulatory therapies to enhance their efficacy and reduce potential side effects, mainly in addressing cancer and infectious diseases. In fact, in the last 30 years, a number of polymers have been used to design nanoparticles (NPs) that are capable of loading both proteins and nucleic acids for therapeutic applications.[@b17-ijn-12-4493],[@b18-ijn-12-4493] Although there is no universally accepted definition of NPs, they can be regarded as the primary component of a nanomaterial (NM), having defined physical limits and at least one dimension (or one diameter) in the nanoscale range.[@b19-ijn-12-4493] The definition of NMs recommended by the European Commission in 2011 is essentially based on size as the primary parameter to describe natural, incidental, or manufactured materials containing particles with any external dimension in the "nano" range (1--100 nm).[@b20-ijn-12-4493] A more comprehensive review, including recent scientific and technological developments, is underway.

NPs can take many different forms and have variable chemical compositions and physical properties, including their size/hydrodynamic radius, morphology, surface chemistry, solubility, and charge.[@b21-ijn-12-4493] These properties can be engineered to make them suitable for specific biomedical applications. The influence of physicochemical properties on the biocompatibility of NPs is critical for their use in biological applications and has been studied extensively. On the other hand, the biodistribution of NPs after entering the body through different routes, NP cellular uptake mechanisms, and their potential toxicity are primarily influenced by the physicochemical properties of the particles -- especially size and surface characteristics.[@b22-ijn-12-4493]

Regulatory issues
-----------------

New nanotechnology-based medicinal products, developed for both therapeutic and diagnostic uses, can potentially yield innovative approaches to the field of drug delivery, improving the targeting, bioavailability, and transport of existing medicines across biological barriers or enabling new action mechanisms. The challenge for regulatory agencies is to ensure the proper evaluation of the quality, safety, and effectiveness of nanomedicines undergoing clinical development and market authorization. Since its 2006 Reflection Paper, the European Medicine Agency (EMA) has emphasized the complexity of nanomedicine properties and the consequent need to involve specialized experts in their evaluation (<http://www.ema.europa.eu/docs/en_GB/document_library/Regulatory_and_procedural_guideline/2010/01/WC500069728.pdf>). Although the current regulatory framework appears sufficiently robust, several critical issues persist with regard to NP characterization, detection, fate, and persistence in human organs and tissues. More-over, the suitability of current toxicological methods to facilitate satisfactory and exhaustive risk assessment remains under discussion.[@b23-ijn-12-4493],[@b24-ijn-12-4493]

Nonetheless, a number of medicinal products containing NPs in the form of liposomes, polymer protein conjugates, polymeric substances or suspensions, and nanocrystals have already been granted Marketing Authorizations within the European Community and/or at the world level under the existing regulatory framework.[@b18-ijn-12-4493],[@b23-ijn-12-4493] Several nanodrugs are undergoing basic research and preclinical and clinical development, the entire process of which can take up to 20 years. Several specific safety issues can affect this process, primarily pertaining to: 1) the set-up and validation of standardized in vitro assays, with suitable reference materials; 2) the development of ex vivo/in vivo models relevant for the route of administration; 3) the generation of in silico approaches which are predictive for biological and toxicological responses; and 4) in vivo pharmacokinetic studies.[@b25-ijn-12-4493] Finally, the interactions of NM-based medicines with the major biological systems deserve particular attention from coordinated contributions of multidisciplinary competences.

Nanotoxicity assessment
-----------------------

Current approaches to assessing NM toxicity are based primarily on knowledge derived from chemical safety assessments. These methods may not adequately account for the unique properties of NMs compared to those of bulk materials/chemicals such as their small size, aggregation/agglomeration capacity, and reactivity in biological matrices. For instance, these properties may influence their absorption and transportability across membranes, persistence and accumulation in organs, entrance into blood circulation, or even crossing of biological barriers.

Although nanotoxicology has become an important topic of research with significant funding, as documented by the number of projects supported by FP6, FP7, and Horizon2020 European programs, the appropriateness of existing test methods for addressing NM safety remains under discussion among regulatory authorities and within the scientific community. The ad hoc Working Party on Manufactured Nanomaterials (WPMN) established by the Organization for Economic Cooperation and Development (OECD) has the major task of reviewing the suitability of standard chemical testing protocols for NM evaluation. Three main issues can be identified: the insufficient physicochemical characterization of NMs, the inadequate standardization and validation of toxicity assays, and the lack of reference materials. Other weaknesses that should be addressed are summarized in the following points: testing methods are often time-consuming, expensive, and/or require highly experienced specialists, thus limiting their applicability to the rapidly increasing number of novel entities that require assessment; testing tends to focus on single agents, but in many cases these agents are present as parts of mixtures, resulting in interactions that may affect biological outcomes; many existing methods, in particular in vitro assays based on cell culture models, are geared toward assessing acute responses, whereas effects of chronic and repeated exposure are much less accessible to testing; animal studies allow both longer term testing and access to intact tissues and organisms, but knowledge transfer to humans is problematic due to differences between species; moreover, the increasing need to test more different substances and mixtures rules out an upscaling of animal use for ethical, scientific, practical, and financial reasons.

An approach to overcoming these obstacles has been proposed, based on the development of an intelligent testing strategy (ITS) that would allow adequate safety evaluation of NMs.[@b26-ijn-12-4493] An ITS should integrate the characterization of physicochemical properties with in vivo and in vitro studies as well as in silico models, thus allowing the association of the intrinsic properties of an NM with its potential toxicity. A generally applied scheme encompasses some cellular assays and in vivo exposure studies in rodents, taking into account the different exposure scenarios. In vivo studies in appropriate animal models allow the evaluation of complex responses resulting from the involvement of the whole organism or its major systems, as well as the investigation of biokinetic and toxicokinetic mechanisms. Due to the complexity and the costly and time-consuming nature of in vivo studies, in vitro testing can be regarded as the first-line methodology for screening purposes in ITS and for refining the consequent evaluation steps. To this aim, the in vitro endpoints more frequently investigated include cytotoxicity, genotoxicity, inflammation, and immunotoxicity.

The assessment of the impact of NM-based medicines on the immune system in terms of immunotoxicity, and of their potential to modulate (intentionally or not) its function (suppression, adjuvance, and hypersensitivity),[@b27-ijn-12-4493] has particular relevance for the object of this review.

Until now, no specific regulatory documents have been developed to assess the immunotoxicity of nanomedicines, which are currently evaluated on the basis of guidelines, such as the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use Safety Guideline 8 (ICHS8) on immunotoxicity studies for human pharmaceuticals, which are in force for conventional medicinal products (<http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002851.pdf>). The open question is whether the set of first- and second-level tests prescribed by these guidelines is capable of adequately evaluating the immunotoxic profile of complex and broadly heterogeneous NM-based medicines that result from the combined effects of the active pharmaceutical component, the nanocarrier, any potential coating, and the final formulation.[@b28-ijn-12-4493] A prudent response to this issue is that not all the immunotoxic properties of nanomedicines can be easily identified following the recommendations of the current guidelines. As a consequence, a specific testing battery, tailored to the different categories of NMs and the wide range of immunotoxic effects that they can cause, needs to be developed.

Therapeutic potential of nanoparticles for allergies
----------------------------------------------------

In recent years, various studies have demonstrated that the encapsulation of allergenic extracts or single allergens within NPs can beneficially affect the interaction of the encapsulated antigen with the immune system, as well as further improve the development of safer and more effective vaccines and immunosuppressive agents.

In the first case, immunostimulatory activity is required in order to enhance the quantity and quality of the cellular and humoral immune responses to the antigens in the vaccine. NPs can engage in such "adjuvant" activities through various mechanisms associated with the physicochemical characteristics of the NP and/or the possibility of incorporating specific ligands/agonists for the specific targeting of immune cells.[@b29-ijn-12-4493] Particle size, which affects tissue penetration and access to blood vessels and the lymphatic system, can be altered to modulate antigen delivery. The ability to protect antigens at the site of administration, maintaining their stability and conformation and allowing a gradual local release ("depot" effect), as well as the possibility of displaying their spatial organization in a highly repetitive way, are connected to characteristics of NPs, such as their chemical nature, solubility, and shape. The protection of the encapsulated payload from metabolic or immunologic degradation, together with the possibility to specifically target tissues or cells, allows the reduction of antigen/drug dose while maintaining high efficacy levels and containing unwanted side effects. This feature can be particularly favorable in the case of oral/mucosal administration where the antigen is highly exposed to enzymatic or pH-dependent destruction. The conjugation of NPs with ligands of Toll-like receptors (TLRs) or other receptors selectively represented on different populations of antigen-presenting cells (APCs) not only leads to the targeting of such cells but may also drive their functional response by activating differential signal transduction pathways and releasing soluble mediators with distinct immunomodulatory activity.[@b30-ijn-12-4493]

In the second case, in addition to inducing immune tolerance, NPs can be therapeutically deployed to reduce or block the unwanted and detrimental immune responses that occur in autoimmunity and allergy by directly exerting immunosuppressive effects on immune cells (APCs and T and B lymphocytes) or improving the delivery of immunosuppressive compounds/drugs by increasing their solubility and bioavailability.[@b29-ijn-12-4493],[@b31-ijn-12-4493] The upregulation of cytokines such as TGF-β and IL-10, associated with Tregs which control the activity of effector cells and induce apoptosis, mediates the direct effects on immune cells.[@b29-ijn-12-4493]

An example is shown by the fullerene spherical NPs. These have been shown to have immunosuppressive effects on anaphylaxis by decreasing in vitro IgE receptor-mediated signaling and the degranulation of human mast cells and basophils, as well as preventing histamine release and the lowering of body temperature after allergen challenge in an in vivo mouse model of anaphylaxis.[@b32-ijn-12-4493] A similar experimental approach has been applied to the evaluation of the antiallergenic potential of biodegradable poly([dl]{.smallcaps}-lactide-co-glycolide) (PLGA) NPs.[@b33-ijn-12-4493] The ability of PLGA NPs to inhibit mast cell-mediated allergic responses was demonstrated in vitro on the antigen-induced activation and release of beta-hexosaminidase and histamine from the RBL-2H3 rat basophilic leukemia cell line (which possesses the phenotypic properties of mucosal mast cells) and on systemic anaphylaxis induced in mice. More recently, NP approaches have also been introduced in the field of allergy diagnosis, demonstrating that the encapsulation of hydrophobic allergens within poly-ε-caprolactone NPs can improve the diagnosis of allergic contact dermatitis.[@b34-ijn-12-4493] Moreover, NPs can be specifically designed to interact with the immune system, exploiting their immunomodulatory potential for therapeutic purposes, suggesting that new NP/allergen pharmacological preparations can open the way to alternative therapeutic options or administration routes.[@b35-ijn-12-4493]

In accordance with the main focus of this review on NPs which have been engineered to act as adjuvants/carriers in allergy immunotherapy, in the following section, we briefly introduce the most common categories of NMs used in this field. NP--allergen complexes will then be described according to the origin of their allergenic component, together with an analysis of their immunological profile and immunomodulatory activities.

Categories of nanomaterials/nanoparticles applied in allergen immunotherapy
---------------------------------------------------------------------------

Different categories of NPs have been developed and studied as adjuvants/carriers to improve the efficacy and safety of allergy immunotherapy. Their classification is not univocal because overlapping criteria can be applied (size and morphology, physicochemical features, function, etc). An attempt to group NPs used for the preparation of allergen complexes according to their chemical nature could include these major classes of products: polyesters, polysaccharide polymers and carbohydrate-based particles, liposomes, protamine-based NPs, and polyanhydrides.

Polyesters
----------

Polymeric nanocarriers have been investigated as vaccine delivery systems due to their ability to provide the controlled release of antigens or adjuvants.[@b36-ijn-12-4493],[@b37-ijn-12-4493] Polyesters are a group of molecules whose biocompatibility, safety, and biodegradability in human applications are well-documented and which have already been approved by the US Food and Drug Administration (FDA).[@b38-ijn-12-4493] Several applications have been described using PLGA particles in sutures and implants, and their use in humans has been proposed for decades.[@b39-ijn-12-4493],[@b40-ijn-12-4493] Poly(glutamic acid) (PGA) and PLGA have been primarily investigated as biodegradable synthetic polymer nanocarriers. It is possible to modify their size, surface properties, and release profile (in particular, the biodegradation rate) to affect the immunogenicity of the encapsulated antigens as well as to optimize delivery through different administration routes (oral, mucosal, and systemic).[@b41-ijn-12-4493]

Polysaccharide polymers and carbohydrate-based particles
--------------------------------------------------------

Another molecular group that has been studied in this context is polysaccharides, which are easily produced polymers derived from natural sources. In this respect, poly([d]{.smallcaps}-glucosamine) (known as chitosan) is a very abundant natural polysaccharide which is derived from shrimp and other crustacean shells. Chitosan is composed of randomly distributed β-(1-4)-linked [d]{.smallcaps}-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) and has several advantageous properties, such as low production costs, biocompatibility, biodegradability, and absence of toxicity.[@b42-ijn-12-4493] As a natural, nontoxic polysaccharide, it has already been approved for human use in the US and Europe for bandages and other hemostatic agents. Notably, for applications in the field of immunomodulatory agents, chitosan can provide a cationic charge that may facilitate endocytosis as well as adjuvance that acts by promoting the maturation of dendritic cells (DCs). Another important property of chitosan is its mucoadhesiveness that makes it particularly attractive for targeting mucosal tissues and promoting mucosal immunity.[@b36-ijn-12-4493],[@b43-ijn-12-4493] Other carbohydrate-based particles (Sepharose beads) have also been suggested as a novel particulate adjuvant to improve allergy vaccinations through the enhancement of antigen uptake by DCs.[@b44-ijn-12-4493]

Liposomes
---------

Liposomes are spherical vesicles composed of one or more bilayer phases of phospholipids encompassing aqueous compartments; this double chemical nature allows the entrapment and delivery of both hydrophobic and hydrophilic molecules. Due to their high biocompatibility and biodegradability, nanosized liposomes have found widespread application as drug and gene carriers.[@b45-ijn-12-4493] The major advantages of their application in drug delivery are the possibility of enhancing the solubility and bioavailability of the protein cargo, as well as its in vivo stability, to protect it from undesired interactions with other cells/molecules and optimize specific targeting of the action site of a drug.[@b46-ijn-12-4493]

Protamine-based NPs
-------------------

Protamines are biodegradable arginine-rich peptides of approximately 4 kDa that have been used for decades in human medications.[@b47-ijn-12-4493],[@b48-ijn-12-4493] Protamine NPs complexed with DNA or RNA oligonucleotides can be generated via electrostatic interaction, showing optimal biocompatibility and high stability. Moreover, since protamine contains a nuclear localization signal,[@b49-ijn-12-4493] protamine-based NPs can easily transport their content into the nucleus, thus improving the efficiency of specific gene therapy. In the context of this review, they are attractive elements for the formation of complexes with oligonucleotides, strong activators of Toll like receptors.

Polyanhydrides
--------------

Among biodegradable polymers, amphiphilic polyanhydride nanocarriers present unique properties in their capacity to modulate immune responses, together with a favorable safety profile. In fact, they have been demonstrated to be taken up by DCs and to induce antigen-specific proliferation of both CD4+ and CD8+ T cells.[@b50-ijn-12-4493] Their properties, such as release kinetics, antigen retention, and adjuvant effect, can be tailored based on polymer composition, with particular attention to the degree of hydrophobicity. Surface modifications can be introduced to enhance or reduce their mucus permeability and bioadhesion to specific target cells. For specific application in the field of allergy immunotherapy, Gantrez^®^ AN 119 (poly\[methyl vinyl ether-co-maleic anhydride\]) has been investigated. In fact, Gantrez AN 119 is a copolymer of methyl vinyl ether and maleic anhydride that can easily react with amino groups, making it easy to load or link different types of proteins, including allergens.[@b51-ijn-12-4493]

Nanoparticle-allergen complexes
-------------------------------

Different classes of allergens have been studied in association with nanostructured adjuvants and/or carriers engineered for allergy immunotherapy. In vitro studies on human immune cells as well as mouse models of sensitization have been applied to the functional evaluation of such complexes. In the next section, these complexes have been categorized according to the origin of the allergenic molecules, putting special emphasis on the novel beneficial immunoregulatory properties introduced by their formation into complexes and investigating different routes of administration in vivo.

Pollen allergens
----------------

Birch pollen is a major allergenic source in Central Europe as well as in North America, and almost all birch allergic patients are sensitized to the Bet v 1 allergen; thus, the development of a product containing this molecule would be a useful drug for all birch allergic patients. In addition, the Bet v 1 allergenic molecule displays cross reactivity with several others allergens from different pollens and plant derived food. In particular, it has been reported that more than 70% of patients with birch pollen allergy react to at least 1 Bet v 1-associated allergenic food source, including vegetables, nuts, and legumes demonstrating the relevant role of this family of allergens.[@b52-ijn-12-4493] In a prophylactic experimental set-up, Schöll et al demonstrated that PLGA particles loaded with rBet v 1 (the major allergen of birch pollen) support the immunogenicity of the allergen in an animal system. This research group treated Bet v 1 allergic mice subcutaneously (SC) with different allergen formulations and evaluated their relative immunological properties. Bet v 1 allergen was encapsulated in PLGA in the presence or absence of Al(OH)~3~, or used absorbed in Al(OH)~3~ only, mimicking commercially available products. PLGA-entrapped Bet v 1 proved to be successful in modifying the ongoing Th2 response, leading to a decrease in IgG1 antibody production and an increase in IgG2a antibody titer after a few shots. These serological data were reinforced by the fact that allergen-loaded PLGA nanoparticles modulate the Th2 response (reduction of IgG1 antibodies) meanwhile IFN-γ and IL-10 were produced after the allergen-specific stimulation of splenocytes.[@b53-ijn-12-4493]

Profilins are a widespread family of highly cross-reactive allergens which have been isolated in a large number of sources, so much so that this allergen is considered a true panallergenic molecule.[@b54-ijn-12-4493] Xiao et al synthesized a complex containing PLGA with a recombinant profilin from *Caryota mitis* (rCmP). The Authors showed that the rCmP-loaded PLGA NPs effectively inhibited the generation of allergen-specific IgE and the secretion of the pro-inflammatory Th2 cytokine IL-4, facilitating the generation of allergen-specific IgG2a and the secretion of the Th1 cytokines in vivo.[@b55-ijn-12-4493] The same NPs were employed in a different immunotherapy regimens by Salari et al, targeting another relevant cross-reactive allergen, Che a 3 protein belonging to the polcalcin family, an allergen showing high levels of identity with polcalcin from olive, birch, alder, rapeseed, and timothy grass pollens.[@b54-ijn-12-4493] BALB/c mice were sensitized to rChe a 3 and then treated sublingually, either with soluble rChe a 3 or PLGA-encapsulated rChe a 3. In vitro and ex vivo assays demonstrated significantly increased antigen-specific IgG2a. In addition, IL-4 levels in restimulated splenocytes were significantly reduced, while IFN-γ, IL-10, and TGF-β levels, as well as Foxp3 expression, were significantly higher than in control groups. This suggests that this formulation can induce a stronger Th1/Treg pathway than the purified allergen.[@b56-ijn-12-4493]

A different strategy was proposed by Marazuela et al, describing the use of PLGA as a vehicle for the intranasal (IN) administration of the OLE109--130 peptide (a major Ole e 1 T cell epitope) in a mouse sensitization model. The pre-treatment of BALB/c mice with OLE109--130--PLGA complex before sensitization to the whole Ole e 1 (a major allergen of olive pollen, with a high degree of homology to allergens from other allergenic sources[@b57-ijn-12-4493]) led to the significant inhibition of allergen-specific IgE and IgG1 levels, with a marked increase of specific IgG2a antibodies. Moreover, IL-5 and IL-10 levels in spleen cell cultures were suppressed in peptide-PLGA pre-treated mice, suggesting that pre-treatment with the OLE~109--130~--PLGA complex is effective at preventing subsequent allergic sensitization to Ole e 1.[@b58-ijn-12-4493],[@b59-ijn-12-4493]

A different class of polymers belonging to this family of particles has also been tested by Broos et al, who demonstrated that 200 nm-sized biodegradable poly(g-glutamic acid) (γ-PGA) NPs activate human monocyte-derived dendritic cells (MoDCs). In this study, it was established that MoDCs from grass allergic patients stimulated with a mixture of γ-PGA and *Phleum pratense* extract augment the production of allergen-specific IL-10, a relevant cytokine for the induction of peripheral tolerance.[@b60-ijn-12-4493]

Another polylactide particle used to generate new allergen complexes is poly([d]{.smallcaps},[l]{.smallcaps}-lactide-co-glycolide) (PLG). PLG microparticles were introduced in clinical contexts several years ago, exhibiting a capacity to slow the release of the entrapped antigens.[@b61-ijn-12-4493] In particular, Batanero et al used this polymer to entrap nOle e 1 allergen. The intraperitoneal (IP) immunization of such complexes in mice elicited high levels of specific IgG2a antibodies and low levels of both total IgE and specific IgG1 antibodies, demonstrating that this product induces a Th1-like immune response. On the other hand, immunization with nOle e 1 absorbed in alum only induced high levels of both specific IgG1 and total IgE, showing the adjuvancy capability of the particle in the context of the allergen specific immunological response.[@b62-ijn-12-4493]

Carbohydrate-based particles (CBPs) covalently coupled to the timothy grass pollen allergen Phl p 5 (a major grass allergen) also exhibited desirable adjuvant properties. When compared with alum-absorbed Phl p 5, Grönlund et al reported that both adjuvants induced significantly increased allergen-specific antibody responses compared with soluble Phl p 5, but, unlike alum, CBP-Phl p 5 did not induce granulomatous tissue reactions. This demonstrated that this kind of formulation can reduce one of the most common local side effects observed following intradermal or subcutaneous injections.[@b63-ijn-12-4493]

Recently, it has been demonstrated that liposomes coated with a neoglycolipid constructed from mannotriose and dipalmitoylphosphatidylethanolamine (Man3-DPPE) (oligomannose-coated liposomes, OMLs) can induce a strong Th1 immune response against encapsulated antigens in mice, with significant IFN-γ production and suppressed IL-4 production.[@b64-ijn-12-4493],[@b65-ijn-12-4493] These findings open the possibility that the administration of OMLs with entrapped allergens may control allergic reactions to Japanese cedars, using the major allergen Cry j 1, an allergen belonging to the Pectase lysase family. The pre-treatment of unsensitized mice with Cry j 1/OMLs blocked total and allergen-specific IgE levels in sera from Cry j 1 sensitized animals, with decreased IgG1 as well and significantly increased levels of specific IgG2a.[@b66-ijn-12-4493]--[@b68-ijn-12-4493]

Liposome-protamine-DNA (LPD) NPs are safe, effective, and non-toxic adjuvants that induce Th1-like immune responses. Nouri et al demonstrated that the encapsulation of rChe a 1, rChe a 2, and rChe a 3 allergens (produced in a recombinant hybrid form \[rHM\]) from *Chenopodium album* resulted in a reduction in specific IgE and a marked increase in IgG2a in a murine model. Furthermore, LPD-rHM induced allergen-specific responses with high IFN-γ production, as well as the expression of T-bet (a transcription factor that controls the expression of Th1 cytokines) in stimulated splenocytes.[@b69-ijn-12-4493]

Gómez et al investigated the possibility of using a particle composed of Gantrez NPs with *Lolium* protein extract plus lipopolysaccharides (LPSs). The immunotherapeutic capacity of this formulation was evaluated in a model of mice which had been pre-sensitized to *Lolium perenne*. Once the animals were sensitized, allergens/NPs were administered and then mice were challenged with *Lolium* extract IP and the intensity of anaphylaxis was studied. After immunization, the animals treated with LPS--Lolium--NP showed IgG2a antibody levels 100-times higher than controls or Lolium--alum challenged mice. This observation demon-strated that the combination of the copolymer with LPS can induce a Th1 polarization that can counteract the existing Th2 polarization.[@b70-ijn-12-4493]

*Parietaria* pollen is characterized by the presence of two major allergens which are capable of inducing IgE production in the majority of allergic patients. For this reason, recombinant *Parietaria* major allergens were entrapped within two independent classes of NPs whose bioavailability was evaluated by means of a basophil activation assay, showing that complex formation does not inhibit their availability to the IgE antibodies of allergic patients.[@b71-ijn-12-4493],[@b72-ijn-12-4493]

Refer to [Table 1](#t1-ijn-12-4493){ref-type="table"} for a summary of this section.

Arthropoda allergens
--------------------

Joshi et al developed a strategy based on the co-encapsulation of PLGA with one of the major house dust mite (HDM) allergens (Der p 2) and unmethylated cytosine-phosphate-guanine (CpG) nucleotides.[@b73-ijn-12-4493] CpG oligonucleotides are known to be potent adjuvants, shifting immune responses to the Th1 type since they are TLR-9 agonists.[@b74-ijn-12-4493],[@b75-ijn-12-4493] The authors showed that the co-delivery of PLGA particles loaded with an antigen and CpG can stimulate a potent antigen-specific immune response, as well as that the magnitude of the immune response is correlated to the size of the PLGA particles used for immunization demonstrating that even the dimension of the NP can influence the allergen specific immune response.[@b73-ijn-12-4493]

Comparable results using CpG oligonucleotides were further reported by Martìnez Gómez et al using the bee venom phospholipase A2 (PLA2) allergen as a model. Both naïve and bee venom allergic mice were immunized with microparticles containing only PLA2, showing that this treatment induced a weak antibody response. On the other hand, when PLA2-PLGA NPs were combined with CpG, a strong PLA2-specific antibody response was observed, and the presence of CpG was required for the induction of the Th1-associated isotype IgG2a. The effect of the CpG nucleotide was further strengthened when protamine was co-encapsulated for the complexation of CpG.[@b76-ijn-12-4493]

Chitosan has been used for its mucoadhesiveness that makes this particle attractive for mucosal immunity.[@b43-ijn-12-4493] Following this line of evidence, Liu et al tested the immunotherapeutic efficiency of the IN administration of *Dermatophagoides farinae* extract (Der f) entrapped in chitosan microparticles. BALB/c mice were IP sensitized with Der f extract absorbed in alum, followed by IN treatment with PBS, chitosan, Der f or Der f-chitosan nano-vaccine for 6 weeks. The mice were subsequently challenged intranasally with Der f extract for 1 week, showing that this complex can induce immunological protection in a murine model of allergic asthma by inducing regulatory T cells and Th1-type reaction.[@b77-ijn-12-4493] In a similar way, Li et al entrapped a major epitope peptide of the mite group 2 allergen Der f 2 (Der f 2 47--67) in chitosan microparticles which were IP injected into BALB/c mice which had been previously intranasally challenged with a Der f extract allergen. Mice immunized with this protocol displayed decreased airway hyperreactivity, lung inflammation, and mucus production. Antibody production analysis showed a reduced serum level of Der f-specific IgE and increased specific IgG2a,[@b78-ijn-12-4493] Furthermore, another strategy utilizing chitosan was to mix it with hydroxybenzotriazole (HOBt), hydrophobic biomolecules, ie, phenylalanine (Phe), and hydrophilic polymers, ie, poly(ethylene glycol) methyl ether (mPEG), to produce positively charged NPs (20--50 nm in size) capable of entrapping negatively charged HDM extract (*Dermatophagoides pteronyssinus*). The HDM-entrapped CS-Phe-mPEG showed biocompatibility favoring T cell immune response and a synergistic effect of chitosan, Phe and mPEG with a clear increase in IFN-γ and IL-10 production in both allergic and healthy volunteers was reported.[@b79-ijn-12-4493]

Liposomes have been complexed with cockroach allergens, a frequently cited source of severe asthma. Meechan et al studied the therapeutic efficacy of an IN liposome-adjuvant vaccine made of a refined *Periplaneta american*a arginine kinase (AK, Per a 9), compared to a liposome-entrapped *P. americana* crude extract (CRE) vaccine in adult BALB/c mice. The liposome-entrapped native AK attenuated airway inflammation after CRE provocation and caused a shift from Th2 to Th1 and Treg responses. Furthermore, this study demonstrated that IN liposome adjuvanted cockroach allergens containing native Per a 9 are more effective than complexes with liposome and crude extracts at attenuating allergy airway inflammation and allowing a more precise standardization of the product.[@b80-ijn-12-4493]

Refer to [Table 2](#t2-ijn-12-4493){ref-type="table"} for a summary of this section.

Other allergens (animal, food)
------------------------------

Thunberg et al showed that CBP-rFel d 1 (the major cat allergen) induces rapid allergen-specific antibody production and prevents the induction of allergic immune responses in mice sensitized to rFel d 1. Interestingly, in contrast to alum absorbed rFel d 1, CBPrFel d 1 remains at the injection site longer, enabling prolonged antigen exposure, working as an adjuvant for a safer and more efficient allergy vaccination.[@b81-ijn-12-4493]

Another relevant feature of these types of complexes was introduced by Weinberger et al who showed that the coupling of a carbohydrate to a protein can mask B-cell epitopes, making the protein "hypoallergenic". In particular, they showed that the hypoallergenicity of neoglycoconjugates depends on the carbohydrate, the nature of the allergen, and the chemistry used for the coupling reaction, suggesting this strategy as a promising one that may lead to safer formulations.[@b82-ijn-12-4493]

Food allergies affect approximately 5% of the population, severely impacting patient quality of life. Several strategies have been reported in the formation of NP complexes with single allergens or allergenic extracts.

Protamines have been used for a long time in clinical settings as molecules which are easy to handle in the making of complex nucleic acids via electrostatic interaction. For this reason, protamine-nAra h 2-CpG particles were prepared and injected SC into naïve BALB/c mice, showing an increase in Ara h 2-specific IgG2a with no detectable IgE specific antibodies, and, of particular interest, Pali-Schöll et al reported that granuloma formation was completely absent at injection sites.[@b83-ijn-12-4493]

Furthermore, De S Rebouças et al suggested that poly(anhydride) NPs could be loaded with raw or roasted peanut proteins. These amphiphilic nanocarriers can modulate immune response per se, and their adjuvant capacity was evaluated in an animal model of food allergy. NP formulations were studied after oral immunization of C57BL/6 mice, showing low specific IgE induction. Furthermore, oral immunization with spray-dried NPs loaded with peanut proteins showed a significant decrease in splenic Th2 cytokines and the enhancement of both Th1 and regulatory cytokines.[@b84-ijn-12-4493]

In a different way, Srivastava et al investigated the efficacy and safety of peanut oral immunotherapy using CpG-coated poly(lactic-coglycolic acid) NPs containing a peanut extract (CpG/PNNPs). In particular, C3H/HeJ mice were rendered peanut allergic by means of oral sensitization with peanut and cholera toxin. Mice were subjected to four weekly gavages with CpG/PN-NPs, vehicle (PBS), NPs alone, peanut alone, CpG NPs, or peanut NPs. Mice with peanut allergy treated with CpG/PN-NPs but not with a vehicle or other components were significantly protected from anaphylaxis. Treatment was associated with decreased levels of Th2 cytokines (IL-4, IL-5, and IL-13) but increased IFN-γ levels, together with decreased peanut-specific IgE/IgG1 levels and an increase in IgG2a levels.[@b85-ijn-12-4493]

Refer to [Table 3](#t3-ijn-12-4493){ref-type="table"} for a summary of this section.

Conclusion
==========

Several studies on allergen immunotherapy performed with commercially available products in comparison with pharmaceutical treatment have shown that immunotherapy may be very beneficial for patients and health care systems, reducing costs and bringing relief to patients.[@b86-ijn-12-4493] However, some questions still remain regarding the safety of these treatments and the need to reduce the dose and time of administration to improve patient compliance. In recent years, nanotechnologies have strongly emerged in vaccinology and, more currently, in the allergen immunotherapy field, with several studies in animals showing very promising future perspectives.[@b35-ijn-12-4493],[@b87-ijn-12-4493] Of particular interest in this field is how nanocarrier/allergen complexes can be formulated to obtain improved stability, slow release kinetics, selective targeting of specific immune cells, and lower immunotoxicity vs optimized immunomodulatory potential. Although such applications are still at an investigational stage, in vitro and in vivo studies have started to open the way to deeper knowledge about the interaction between the immune system and NPs/allergen complexes. The results suggest that several NP-based formulations can be applied in the near future to allergen immunotherapy to solve its unmet needs.
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###### 

Pollen allergens nanocomplexes

  Groups                  Allergen source          Component of the nanoparticle                                             Type of complex                             References
  ----------------------- ------------------------ ------------------------------------------------------------------------- ------------------------------------------- ----------------------------------------
  Tree pollen allergens   *Betula verrucosa*       PLGA + Bet v 1                                                            Particle + purified allergen                [@b53-ijn-12-4493]
                          *Caryota mitis*          PLGA + *Caryota* profilin                                                 Particle + purified allergen                [@b55-ijn-12-4493]
                          *Olea europaea*          PLGA + OLE~109--130~                                                      Particle + allergenic derived peptide       [@b58-ijn-12-4493], [@b59-ijn-12-4493]
                          *O. europaea*            PLG and nOle e 1                                                          Particle + purified allergen                [@b62-ijn-12-4493]
                          *Cryptomeria japonica*   OML + Cry j 1                                                             Particle + purified allergen                [@b66-ijn-12-4493]--[@b68-ijn-12-4493]
  Grass pollen allergen   *Phleum pratense*        PGA + *Phleum pratense* extract                                           Particle + total extract                    [@b60-ijn-12-4493]
                          *P. pratense*            CBP + Phl p 5                                                             Particle + purified allergen                [@b63-ijn-12-4493]
                          *Lolium perenne*         Gantrez^®^ AN 119 + *Lolium* extract                                      Particle + total extract                    [@b70-ijn-12-4493]
  Weed pollen allergens   *Chenopodium album*      PLGA + rChe a 3                                                           Particle + purified allergen                [@b56-ijn-12-4493]
                          *C. album*               Liposome-protamine-DNA particle + rChe a 1 + rChe a 2 + rChe a 3 hybrid   Particle + recombinant purified allergens   [@b69-ijn-12-4493]
                          *Parietaria judaica*     SLN + Par j 2                                                             Particle + purified allergen                [@b71-ijn-12-4493]
                          *P. judaica*             PHEA + Par j 1/Par j 2                                                    Particle + engineered purified allergens    [@b72-ijn-12-4493]

**Abbreviations:** CBP, carbohydrate-based particle; OML, oligomannose-coated liposome; PLG, poly(glutamic acid); PLGA, poly([dl]{.smallcaps}-lactide-co-glycolide); SLN, solid lipid nanoparticles; PHEA, poly(hydroxyethyl)aspartamide.

###### 

Arthropoda allergens nanocomplexes

  Groups                 Allergen source                    Component of the nanoparticle                 Type of complex                                References
  ---------------------- ---------------------------------- --------------------------------------------- ---------------------------------------------- --------------------
  Arthropoda allergens   *Dermatophagoides pteronyssinus*   PLGA + Der p 2 + CpG                          Particle + purified allergen + TLR-9 agonist   [@b73-ijn-12-4493]
                         *Dermatophagoides farinae*         Chitosan + *Dermatophagoides meric* extract   Particle + total extract                       [@b77-ijn-12-4493]
                         *D. farinae*                       Chitosan + Der f 2~47--67~                    Particle + allergenic derived peptide          [@b78-ijn-12-4493]
                         *Dermatophagoides pteronyssinus*   HDM-entrapped CS-Phe-mPEG                     Particle + total extract                       [@b79-ijn-12-4493]
                         *Periplaneta americana*            Liposome + *P. americana* extract             Particle + total extract                       [@b80-ijn-12-4493]
                         *P. americana*                     Liposome + Per a 9                            Particle + purified allergen                   [@b80-ijn-12-4493]
                         *Bee venom*                        PLGA + PLA2 + CpG                             Particle + purified allergen + TLR-9 agonist   [@b76-ijn-12-4493]

**Abbreviations:** CpG, cytosine-phosphate-guanine; HDM, house dust mite; PLA2, phospholipase A2; PLGA, poly([dl]{.smallcaps}-lactide-co-glycolide).

###### 

Animal and food allergens nanocomplexes

  Groups                   Allergen source   Component of the nanoparticle                              Type of complex                                References
  ------------------------ ----------------- ---------------------------------------------------------- ---------------------------------------------- --------------------
  Animal dander allergen   Cat               CBP + Fel d 1                                              Particle + purified allergen                   [@b81-ijn-12-4493]
  Food allergen            Peanut            Protamines + nAra h 2 + CpG                                Particle + purified allergen + TLR-9 agonist   [@b83-ijn-12-4493]
                           Peanut            poly(anhydride) + raw or roasted peanut proteins           Particle + total extract                       [@b84-ijn-12-4493]
                           Peanut            CpG-coated poly(lactic-coglycolic acid) + peanut extract   Particle + CpG + total extract                 [@b85-ijn-12-4493]

**Abbreviations:** CBP, carbohydrate-based particle; CpG, cytosine-phosphate-guanine.
